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and applied these principles to the design of future tribological systems. The work entailed molecularly specific engineering of surfaces by means of biomimetic coatings and the measurement of interfacial forces on both molecular and microscopic scales. Only work carried out at the ETH is covered in this report.
Objectives
The objective of the overall program was to understand the fundamental nature of structure, the influence of applied forces, and the role of solvent incorporation existing at solvated polymer-polymer under shearing conditions. This objective was to be realized through (i) the systematic elucidation of the modes of interaction between polymer surfaces (penetration, repulsion, compression), (ii) the quantitative measurement of complexed solvent (related to polymer swelling and conformational changes), and (iii) the fundamental measurement of interfacial frictional forces as a function of interfacial composition and structure. The experimental program was aimed at measuring interfacial forces over a range of length scales, for sets of systematically prepared and well-characterized polymer and biopolymer interfaces. The fundamental goal of the program was to predict/identify the function of aqueous-based tribological systems lubricated for military applications. The applied aim of the program was to provide design criteria and performance limitations of low-friction biological and/or bioinspired interfaces.
Although we had hoping to have been able to report a significant body of tribological results for hyperbranched systems, the speed of synthesis of the molecules has been slower than anticipated. There is still interest in pursuing this avenue, but it has been given lower priority until the PEG-containing hyperbranched molecules are available. Some oligoethylene glycol dendrimers have been synthesized and tested, but their lubrication performance, as anticipated, was unexceptional. On the other hand, the fact that they adsorbed to the test surfaces to form a monolayer gives us hope that the PEG versions, once synthesized, may indeed prove to be lubricious.
We have therefore focussed on dextran-based systems, since they are highly biomimetic, reasonably priced, and their temperature behavior is likely to be better than that of the previously studied PEG systems. We have been concentrating on polymers that contain a poly-lysine backbone. This allows for easier comparison with the PLL-g-PEG polymers from our previous studies. Polymers of a similar composition have also been obtained from the group of Prof. Atsushi Maruyama, Kyushu University, and this has enabled us to broaden our study of the effects of polymer architecture on both lubrication and resistance to protein adsorption.
Accomplishments during project

A. Synthesis of new polymers
While PAAm-g-dextran appeared at first sight to be a drop-in replacement for PLL-g-PEG, it is now suspected that subtle differences between the two backbones do indeed make a difference in tribological behavior. In particular, it was found that PLL-based polymers are not only effective on negatively charged surfaces, but also on hydrophobic surfaces such as engineering plastics. This work has recently been accepted for publication in Lubrication Science 1 . Another advantage of combining PLL and dextran is that there are already reports of this material, used in other applications, in the literature, and we were able to obtain small (mg) quantities from Prof. Atsushi Maruyama to compare with our own material and thereby extend the scope of our study. Professor Maruyama had been using PLL-g-dextran for gene- Table 1 . The synthetic approach used in our lab for the polymer synthesis is similar to that used for the PAAm-based polymers, and involves the reduction of a Schiff base to the species shown in Figure 1 .
Figure 1: PLL-g-dextran
Synthesized at ETH Synthesized at U. Kyushu It can be seen that all polymers adsorb onto the silica surface, the amount corresponding to approximately monolayer coverage. Also, all were more or less protein resistant, with the exception of the grafting ratio of 10.2. This is very consistent with what we have previously observed with PLL-g-PEG. A maximum in polymer adsorption and minimum in protein adsorption seemed to occur at around a grafting ratio of 7-7.5 (a rather higher value than has been previously observed with PLL-g-PEG). No significant differences were observed between the polymers synthesized in Japan and those synthesized in our laboratory, and the backbone and side-chain lengths did not seem to influence behavior over the range investigated.
C. Tribological testing of new polymers
Tribological testing revealed comparable behavior to that observed with PLL-g-PEG,
namely an approximately 50% reduction (compared to HEPES buffer) in friction coefficient in macroscopic sliding (2N, pin-on-disk, steel ball, glass disk, Figure 3) , and an order-of-magnitude reduction in friction coefficient for rolling geometry (10N, steel on glass, Figure 4 ). Note that dextran alone also exhibits lubricating behavior, but only at the high speeds obtainable on the mini-traction machine, indicating that the effect is rheological. Testing in an AFM (i.e. wearless sliding) between silica surfaces also revealed that the polymers display considerably better lubricating properties than buffer solution alone ( Figure 5 ), and that the least lubricious architecture (PLL(6)-g(10.
2)-dex(5.9)) is also the least effective polymer for protein adsorption resistance. 
Conclusions
Comb-like graft-copolymers with dextran side chains (PLL-g-dex) have been developed and investigated as biomimetic lubricant additives in an aqueous environment. The synthesized copolymers have been shown to adsorb spontaneously onto metal oxide surfaces, similarly to PLL-g-PEG, and to behave as boundary lubricants, both in the pure sliding and in mixed sliding/rolling contact regimes.
Compared to PLL-g-PEG, the PLL-g-dex polymers employed in this work showed marginally inferior lubricating performance, especially in the boundary lubrication regime. This is mainly attributed to the significant difference in the fully extended chain lengths of dextran(5.2) and PEG(5), since the structures of the chains are completely different (rings vs.
single strands). In fact the fully extended chain length of dex(5.2) is estimated to be roughly half of that of PEG(5), which is likely to impact on the performance of the lubricating films.
This leaves the possibility that the lubricating properties of PLL-g-dex could be further improved by employing longer dextran chains. This is currently under investigation.
Dextran has higher solubility at higher temperatures than PEG, as well as being very inexpensive, and therefore may be more relevant for applications. Furthermore, the undesirable oxidation of PEG to peroxides in air is not a problem with sugar chains. The macrotribological work on dextrans is now completed and has been prepared as a manuscript
for Tribology Letters. A manuscript on the nanotribological work is now in preparation.
The PI and his team have been invited to prepare a "Perspectives" article for Science on the general area of water-based lubrication. Clearly our AFOSR/EOARD-supported research in this field has led to our being honored in this way, and for this we are most grateful.
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Introduction
Water-based lubricants possess distinctive advantages (environmental compatibility, biocompatibility, availability, cost effectiveness), and could represent a viable alternative to oil-based lubricants in certain applications. Their environmental compatibility makes them suitable for a number of industrial applications, such as food processing or textile and pharmaceutical manufacturing, where the use of oilbased lubricants can be problematic due to contamination issues. 12, 13 In the biomedical field, aqueous lubrication is particularly important, since water is virtually the only acceptable base lubricant. Any attempts to improve lubrication properties in biomedical applications (such as lubricious coatings for catheters) should therefore take both water compatibility and biocompatibility into account.
14 Poly(L-lysine)-graft-poly(ethylene glycol) (PLL-g-PEG), a graft copolymer consisting of a polycationic PLL backbone and PEG side chains, has proven to be highly effective at both preventing non-specific adsorption of proteins onto and lubricating oxide surfaces in an aqueous environment. 1-3, 6-9, 15 PLL-g-PEG has been shown to adsorb spontaneously from aqueous solutions onto negatively charged surfaces via electrostatic interactions; the positive charges present on the protonated primary amine groups of the PLL backbone in neutral aqueous environment lead to its rapid immobilization onto negatively charged surfaces. PEG side chains, which are radially distributed along the backbone in bulk solution in order to minimize steric repulsion, stretch out into the solution once the copolymers have adsorbed on the surface, forming a polymer brush, providing the inter-PEG spacing is sufficiently close. PEG, however, has some disadvantages, such as lower solubility with increasing temperature and oxidation to peroxides in air, 16, 17 which could limit the usage of PLL-g-PEG in certain applications. An alternative approach is to mimic biological membrane surfaces, which are typically covered with carbohydrate-rich layers. In vivo cellular interactions can be strongly influenced by pendant oligosaccharides chains-principle components of the highly hydrated glycocalyx, which surrounds certain kinds of cell, and is known to prevent undesirable, nonspecific adsorption of proteins. [18] [19] [20] [21] [22] Carbohydrates are also known to play an important role in natural lubrication mechanisms, which often involve a brush-like structure of sugar chains, anchored to a protein backbone. Proteoglycans, for instance, have been suggested to play a role in natural joint lubrication, 23, 24 and mucins, large glycoproteins that make up the mucosal hydrogel coating covering epithelial cell surfaces, act as protective and lubricious layers. 
in the literature. [28] [29] [30] [31] [32] [33] [34] Secondly, since the dextran is neutral, it does not present problems due to electrostatic interactions when grafted onto a polycationic backbone (PLL). Finally, previous studies have shown the effectiveness of dextran coatings at preventing non-specific protein adsorption, 19-22, 35-41,18, 42 this being a property that often seems to be closely associated with good aqueous lubricating properties.
We have focussed on the characterization of adsorption and aqueous lubricating properties of PLL-g-dex copolymers on oxide surfaces under standard, macroscopic tribological conditions at ambient temperatures, including sliding and mixed sliding/rolling contacts. We compare these properties with those of PLL-g-PEG copolymers.
Materials and Methods
Poly(L-lysine)-graft-dextran (PLL-g-dex)
Poly(L-lysine)-graft-dextran (PLL-g-dex) copolymers were synthesized by a (20) backbone at the grafting ratio of g = 3.0, has also been employed.
Optical Waveguide Lightmode Spectroscopy (OWLS)
Optical waveguide lightmode spectroscopy (OWLS) was employed to characterize the adsorption properties of the polymers. Experiments were performed using an OWLS 110 instrument (Microvacuum, Budapest, Ungary). The waveguides were then exposed to a polymer solution (0.25 mg/ml in HEPES buffer) for at least 30 min, resulting in the formation of a polymer adlayer, and rinsed three times with buffer solution for another 30 min.
OWLS is an optical
Pin-on-disk tribometry
A pin-on-disk tribometer (CSM Instruments, Switzerland) was employed to investigate the lubricating properties of the polymer solutions under pure sliding conditions.
As a tribopair, we chose steel balls (6 mm in diameter, DIN 5401-20 G20, 
Results and Discussion
Synthesis and structural features of PLL-g-dex copolymers
PLL-g-dextran copolymers with different grafting ratios were successfully synthesized and characterized by 1 H-NMR. The grafting ratio was varied between roughly 3 and 7 and evaluated by means of NMR and EA. In Table 1 , the structural features of the synthesized copolymers and the yield of the synthesis are presented in detail.
It should be noted that the selection of the molecular weight of dextran chains in this work (5.2 kDa) was mainly motivated to keep it comparable with that of PEG (based on the molecular length of monomers: 0.7 nm for dextran 46 and 0.358 nm for ethylene glycol (EG) 47 ). For this reason, the adsorption behavior of the two types of copolymers, PLL-g-dex and PLL-g-PEG, can be fairly assessed by comparison of adsorbed mass data from OWLS experiments, but a potential influence of the difference in the extended chain lengths on the lubricating properties should be borne in mind when interpreting the tribological results, as will be addressed below.
Adsorption behavior of PLL-g-dex: OWLS
A representative adsorption profile for PLL-g-dex copolymer onto the oxide surface as characterized by OWLS is presented in Figure 2 (shown in Figure 2 .2), and the results are presented in Figure 3 . From the adsorbed mass and the compositional features of the copolymers, it is possible to calculate the surface concentration of dextran chains, n dex and PLL backbone chains, n Lys , and the spacing between the dextran chains, s, and finally to estimate the conformation of the surface-grafted dextran chains by comparing the spacing and the radius of gyration of dextran chains, s/2R g . 7 The results of these calculations are summarized in Table 2 .
All the PLL-g-dex copolymers employed in this study showed a significant amount of adsorbtiion onto the OWLS waveguide surfaces, ranging from ca. 230 to 290 ng/cm 2 on average, whereas dextran alone revealed negligible adsorption onto the surfaces (5.3 ± 3.5 ng/cm 2 ). This observation supports the hypothesis that the adsorption mechanism and the conformation of PLL-g-dex copolymer on negatively (Figure 3 ). This can be ascribed mainly to the opposing effects of the molecular weight of a single PLL-g-dex copolymer and the probability of adsorption onto surfaces as a function of grafting ratio. As is summarized in Table   1 , the variation of grafting ratio, g, from 3.4 to 7.3, for PLL (26) On the other hand, in terms of adsorption probability and/or stability, the copolymers with higher g values, such as PLL (26. 3)-g [7. 3]-dex(5.2), are more advantageous, due to the higher number of anchoring groups (un-grafted free lysine units, see Table 1) per single copolymer molecule. Furthermore, the copolymers with higher g values can more readily pack onto the surface with a higher surface density, as a result of the smaller steric hindrance between neighboring dextran side chains. This trend is clearly manifested in the plot of the PLL backbone chain density, n Lys , and the dextran chain density of PLL(26.3)-g-dex(5.2) series on surface, n dex , as a function of grafting ratio, g, as shown in Figure 4 . While the n Lys , which represents the density of the copolymer itself as well, is gradually increasing with increasing grafting ratio, g, the surface density of dextran chains, n dex , which represents the ultimate efficacy of each copolymer to graft dextran chains onto surfaces, is nearly constant due to compensation by the opposing effect of the number of dextrans per copolymer chain.
It should be noted though that the trend described above is specific to the comb-like copolymers with high-molecular-weight side chains. A previous adsorption study of PLL (20) 
Lubrication properties of PLL-g-dex
In order to evaluate the lubricating properties of PLL-g-dex copolymer
solutions and compare them with other standard aqueous solutions, including HEPES buffer solution, dextran solutions (dex(5.2)), as well as PLL (20) (5) solutions, µ vs. speed plots were acquired under both sliding and mixed sliding/rolling conditions using a pin-on-disk tribometer and MTM, respectively.
Lubrication at sliding contacts: pin-on-disk tribometry
Sliding-contact experiments, carried out by pin-on-disk tribometry, were intended to assess the lubricating capabilities of the polymer solution in the boundarylubrication regime. As shown in Figure 5 , µ values obtained in all cases (load = 2 N)
revealed an initial reduction with increasing speed, but they started to level off from Table 2 ), it is unlikely that differences in the conformation of the polymer chains on the surface are the principal cause of this difference. We propose two alternative possibilities. While the surface density of PEG chains, n PEG was lower than that of dextran chains, n dex (see Table 2 ), dextran and PEG chains may also possess different innate water-based lubricating capabilities, arising from different degrees and mechanisms of hydration and/or differences in the stiffness of the chains. Secondly, as has already been mentioned in section 3.1, although the molecular weights of the two hydrophilic chains were chosen to be nearly identical in this work, the fully extended dextran chain is significantly shorter than that of the PEG, simply as a consequence of the different chain structures. In addition, unlike the PEG chains, the dextran chains have a small degree of branching, 50 which will further reduce the extended chain length. Since the fully extended chains length of the dex (5.2) is roughly a half of that of PEG (5), the film thickness of the lubricant layer is expected to be lower for PLL-g-dex than PLL-
g-PEG.
Further studies to elucidate both factors in detail are currently under way.
Lubrication at mixed sliding/rolling contacts: MTM
The lubricating properties of the PLL-g-dex copolymer solutions under mixed Meanwhile, the two PLL-g-dex copolymer solutions showed a distinctive reduction in µ values both in low-and high-speed regimes, reflecting their adsorption onto the tribopair surfaces; compared to the dextran solution, the µ values are observed to be consistently lower over nearly the entire speed range investigated. This observation implies that the reduction in µ values in the high-speed regime is not entirely due to the formation of fluid-film, but also due to the improvement in the boundary lubrication properties to a certain extent. In fact, previous combined studies of the film thickness and frictional properties by means of ultra-thin film interferometry and MTM, respectively, have shown that the mixed lubrication mechanism is dominant for the tribological contacts lubricated by PLL-g-PEG aqueous solutions. 3 In contrast to the results for sliding contacts, however, the two PLL-g-dex copolymers showed no noticeable difference in their lubricating properties, presumably because of the characteristics of the tribological contacts provided by MTM; firstly, the contact is much milder due to the dominance of rolling contact (SRR = 10%) under these conditions, and thus the readsoption properties of the molecules are less critical, and secondly the entrainment of the base lubricant, water, becomes more likely, even in the absence of additives with increasing speed.
Lastly, similarly to the case of sliding contacts, the lubricating performance of the PLL-g-dex copolymers under mixed sliding/rolling contact conditions was observed to be inferior to that of PLL (20) 
Conclusions
Comb-like graft-copolymers with dextran side chains (PLL-g-dex) were developed and investigated as biomimetic lubricant additives in an aqueous environment. The synthesized copolymers have been shown to adsorb spontaneously onto metal oxide surfaces, similarly to PLL-g-PEG, and to behave as boundary lubricants, both in the pure sliding and in mixed sliding/rolling contact regimes. The variation of the grafting ratio of the dextran side chains on the PLL backbone revealed no significant influence on either the adsorption or the tribological properties within the range selected in this work: g = 3.4 to 7.3, corresponding to 29.4 to 13.7 % of the available lysine units along the PLL backbone being grafted with dextran chains.
Compared to PLL-g-PEG, the PLL-g-dex polymers employed in this work showed slightly inferior lubricating performance, especially in the boundary lubrication regime. This is mainly attributed to the significant difference in the fully extended chain lengths of dextran(5.2) and PEG(5), since the structures of the chains are completely different (rings vs. single strands). In fact the fully extended chain length of dex(5.2) is estimated to be roughly half of that of PEG (5), which is likely to impact on the performance of the lubricating films. This leaves the possibility that the lubricating properties of PLL-g-dex could be further improved by employing longer dextran chains. This is currently under investigation.
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